
RISK ESTIMATING TECHNIQUES FOR UNMANNED

SPACE MISSIONS: AN EXPLORATORY STUDY

FINAL REPORT

PRC R-969

19 May 1967

Prepared for

California Institute of Technology

Jet Propulsion Laboratory

By

F. E. Hoffman

G. W. S. Johnson

L. H. Simonsen

PLANNING RESEARCH CORPORATION
LOS ANGELES, CALIFORNIA WASHINGTON, D.C.



RISK ESTIMATING TECHNIQUES FOR UNMANNED

SPACE MISSIONS:. AN EXPLORATORY STUDY ,

/ FINAL REPORT

PRC R-969

19 May 1967

Prepared for

California Institute of Technolog F

/ Jet Propulsion Laboratory
4800 Oak Grove Drive

Under JPL Contract 951778

By

F. E. Hoffman
G. W. S. Johnson

L. H. Simonsen /

/ PLANNING RESEARCH CORPORATION

LOS ANGELES, CALIF./ WASHINGTON, D.C.



PRC R-969
ii

FOREWORD

This small analytical study was performed under Jet Propulsion

Laboratory {JPL) ;Contract No. 951778. This effort is, in turn, a sub-

contract under National Aeronautics and Space Administration (NASA)

Contract No. NAS7-100.

The authors wish to acknowledge their indebtedness to the major

aerospace companies, such as Atomics International and TRW Inc.,

who provided data for several spacecraft subsystems, in addition, the

authors are appreciative of the efforts of Mr. C. R. Edelsohn in pre-

paring the sections on electrical power and communications. Special

credit is given to Mrs. P. Buwalda of JPL and the Voyager Project

Support Office for many valuable suggestions for improvements in the

risk model.
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ABSTRAC T

This report presents the results of a small exploratory study on

the development of a risk model for unmanned space exploration mis-

sions. Risk is defined as the degree of exposure to failure in meeting

the program objectives. The model has been calibrated and demon-

strated using the Mariner IV mission in 1964 and a future mission using

a Mars Orbiter/Lander in 1973 and 1975. The model allows for risk

reduction in a multiple-launch program. Various system design can-

didates and spacecraft subsystem design options can be evaluated to

provide quantification of risk with varying inputs. These inputs include

schedule, number of spacecraft per launch, number of launches, ster-

ilization intensity, and level of combined system testing.
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I. INTRODUCTION

This document is the final report prepared by Planning Research

Corporation and submitted under JlmL Contract Number 951778. The

study performed under this contract can best be described by listing the

major tasks:

1. Develop a risk estimating technique for unmanned space ex-

ploration missions, recognizing at least the following:

a. The risk significance of the loss associated with each

concept or action under evaluation.

b. The significance of the evaluation data as they pertain

to the risk involved in decision making.

2. Describe the risk categories and relationships.

3. Demonstrate the use of the risk model on one past mission,

Mariner IV, and one future mission, a combined Mars or-

biting and landing mission.

4. Perform a sensitivity analysis to determine the importance

of various risk categories and parameters.

a. The risk categories shall include, but not necessarily

be limited to, such items as mission design, system

design, development/operations, and various subsystems.

b. The parameters shall include, but not necessarily be

limited to, such items as periodic launch schedule and

program changes.

5. Refine the previously developed model.

6. Demonstrate the application of the refined risk model by

repeating the mission risk examples prepared under 3 above.

7. Prepare a final report showing:

a. A clear definition and description of all risk categories,

relationships, and techniques developed.

b. Documentation to substantiate engineering judgments

and to identify data sources.

c. Results of the mission risk examples.

d. A discussion of the scope and accuracy of the risk model.
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Using these tasks, a risk model has been developed that allows the

assessment of risk for unmanned space exploration missions. Various

system design candidates and spacecraft subsystem design options can

be evaluated to provide quantification of risk with varying inputs such as

schedule, number of spacecraft per launch, number of launches, sterili-

zation intensity, and level of combined system testing.

The model can be used in a multiple-launch program to predict the

reduction in program risk with increasing numbers of launches. The

model uses postulated failure modes and varying levels of efficiency to

diagnose the failures and obtain development fixes prior to the next

launch.
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A. General Approach and Data Sources

The general approach to this small study of risk technique has been

to separate the problem into small segments, apply intensive efforts in

solving the smaller problems, prepare a preliminary risk model, com-

bine the results, and later calibrate, illustrate, and refine the model.

This technique of modeling has been used effectively in the past.

The data sources used are as follows:

I. Open literature on spacecraft design and development

Z. Documents on loan from Jet Propulsion Laboratory

3. PRC Spacecraft Data Bank

4. Data obtained from industrial contacts with aerospace firms

that are now designing and developing spacecraft

B. Risk Categories and Relationships

Early in the study, the following definition of risk was adopted:

Risk is the degree of exposure to failure in meeting the program or

mission objectives. The point of view is that of the program manager

in a phased procurement of a large space exploration program while the

program is still in the early phases, such as those listed below:

Phase A Advanced Studies, Mission Design, Conceptual Design

Phase B Preliminary and Initial System Design

Phase C Contract Definition, Preparation of Detailed Specifica-

tions, Costing, and Firm System Design

Phase D 1 Design/Development

Phase D Z Space Flight Operations

Initially, heavy emphasis was placed on the quantification of de-

velopment risk by spacecraft subsystems; management and financial

risks were to be assessed as additive effects later in the various time

phases.



PRC R-969
4

Thus, the risk categories originally were as follows:

1. Spacecraft Subsystem

Design and Development

Structure

Propulsiori

Navigation and Guidance

Attitude Stabilization and Control Versus the

Communications Major Time
Phases

Data Management

Electrical Power

Descent Systems

E xpe rim ent s

2. Management and Financial Risks

With this framework of risk categories in mind, the risk estimat-

ing relationships for any spacecraft subsystem design and development

were to be developed from an appropriate performance parameter plotted

versu's time. The risk function was then to be calculated from the pa-

rameter plot in the manner shown in Exhibits 14, 15, and 16 (see pages

38, 39, and 40).

C. Preliminary Risk Model

A preliminary risk model was prepared and displayed in Refer-

ence I. An inspection of this report shows four major risk categories:

System Design, Spacecraft Subsystem Design and Development, Com-

bined Systems Testing, and Space Flight Operations.

In preparing this preliminary model, a decision was made to quan-

tify risk independent of cost and to include schedule as a management

risk under mission design. This decision allows trades to be made be-

tween schedule, risk, and system design alternatives using this report.

Trades between schedule, cost, and the same system design alterna-

tives can be made using the cost model shown in Reference 2.

D. Final Risk Model

The final risk model is now presented in four major time phases

of a typical unmanned space exploration mission.
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1. Mission Design

Within this time phase, the mission design activity involves

establishing mission objectives, defining payload requirements, select-

ing a launch vehicle, synthesizing system design candidates, performing

system design, performing trajectory calculations, selecting an opera-

tional mode, establishing hardware and contractual interfaces, defining

long-leadtime development items, establishing funding plans, and defin-

ing subsystem design and development options. In order to define mis-

sion design risk, these activities are grouped under four subcategories

as shown in ]Exhibit 1. The system design candidates, DC l, DC 2, and

DC i, are considered inputs and would be evaluated separately as

alternatives.

The schedule risk versus development time is shown in Exhibit 2

and is an engineering judgment based on experience and recent perusal of

five unmanned space exploration programs. The nominal development

time, N , is the number of years to perform the Phase D development

effort under system management. Phase D time spans for a major pro-

gram could be 3 to 4 years under system management or Z to 3 years

under laboratory management with considerable inherited development.

Technological innovations in nonspacecraft system elements are

rare. Although the launch vehicle is usually an inherited development

from another program and is already qualified by many successful space

flights, it is possible to visualize several examples of nonspacecraft in-

novations that could be utilized in a large space program:

a. A new high-energy upper stage in the launch vehicle;

b. A new larger antenna in the deep space net (DSN);

c. A new shroud (adapter) between the launch vehicle and

the spacecraft.

By definition, a technological innovation refers to a major space

system element that has passed feasibility tests on the ground and may

have successfully flown in one or two space flights, yet lacks sufficient

operational experience to be quantified as a mature technology.

Exhibits 3 and 4 have been prepared to quantify the risk of non-

spacecraft technological innovations versus successful test experience



PRC R-969

6

for no backup development and one backup development per innovation.

These curves are based on engineering judgment, and the risk with one

backup development per innovation is based on the premise that both de-

velopments are equal in risk.

Frequently, the selection of an operational mode early in the mis-

sion design phase leads to difficulties later, either in the design and de-

velopment phase or in the space flight operations phase. This risk can

be called the operational mode complexity risk and is visualized as a

function of guidance accuracy required, communications distance, and

the number of separable but related modules. Exhibit 5 shows opera-

tional mode complexity risk versus guidance accuracy required interms

of miss distance from an aiming point near the planet to be explored.

The curves were developed using engineering judgment and data from

References 3 and 4. The influence of communications distance and the

number of separable but related modules on this risk is left to the judg-

ment of the reader.

The mission design risk is then summarized as follows:

RiSkMD = 1 - {1 - Risks) {1 - RiSkTi ) {1 - RiskoM )

where the subscripts refer to schedule, nonspacecraft technological in-

novations, and operational mode complexity, respectively.

2. Spacecraft Subsystem Design and Development

The risks encountered in the spacecraft subsystem design

and development phase are shown in Exhibit 6 and can be segregated into

two subcategories: the risk in developing technological innovations and

the risk in developing subsystems based on mature technologies validated

by substantial space flight experience. Exhibits 7 and 8 are used to quan-

tify the risk in developing spacecraft technological innovations; the risks

for developing mature subsystems are shown in Exhibits 9 through 27.

Exhibits 7 and 8 refer to spacecraft technological innovations. A

technological innovation is defined here as a major spacecraft subsys-

tem that has passed feasibility tests on the ground and may have flown
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in one or two space flights, yet lacks sufficient flight experience to qual-

ify as a mature technology. The technological risk is plotted versus a

test experience factor, T , for various numbers of innovations, I .

Typical examples of spacecraft technological innovations are nu-

clear electric propulsion, solar-heated hydrogen rocket, and gravity

gradient stabilization in synchronous orbit.

a. Structure

Exhibits 9 through 13 have beenprepared to estimate

the risk for spacecraft structure design and development. Exhibit 9

was calculated using the method of Gerard, Reference 5, and Exhibits

10 and 11 are taken directly from Reference 6. Exhibits 12 and 13 on

ballistic entry spacecraft structure are largely calculated from data in

References 7 and 8.

b. Propuls ion

The propulsionparameter, Exhibit 14, is based largely

on data from the PRC Spacecraft Data Bank and References 9 and 10.

The performance values are plotted for both solid and liquid rockets as

total impulse/stage weight versus time in years. With the simplifying

assumption of constant thrust, this performance value can be assessed

in several ways:

I t

Stage Weight
Thrust x Burning Time

Stage Weight

I
_ sp

W E
I+W--

P

where I
sp

W E

W
P

= specific impulse (seconds}

= stage empty weight (pounds}, including structure and

rockets but excluding payload or adapters

= weight of propellants (pounds}

Two curves are shown, one for launch vehicles and larger, sep-

arable spacecraft propulsion modules, and the other for spacecraft

propulsion.
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The subsystem performance values shown can now be used to con-

struct risk functions. For example, the propulsion subsystem perform-

ance value {impulse/stage weight versus time in years) is used to illus-

trate the methodology. Considering subsystem development risk as a

third dimension normal to the plane of the paper in Exhibit 15, we can

take a cross plot at any future date, say 1977 {Section A-Aof Exhibit 15),

and construct the risk function as shown in Exhibit 16. Thus, the risk

function becomes a three-dimensional surface on a plot of subsystem

performance value versus time.

C,

and guidance was

Navigation and Guidance

The performance parameter selected for navigation

Performance Parameter = 1
Miss Distance x Weight

The miss distance is defined as the distance from an aim point in space

near the planet to be explored. The weight is the navigation and guid-

ance subsystem weight.

Exhibit 17 presents the performance parameter versus calendar

year for past JPL spacecraft programs. These data were taken from

Reference II. Data for the lunar vehicle s and Mariner II were scaled to

Mars 1964 by the relationships of Reference II, i.e., a l-microsecond

velocity increment in the most sensitive direction can change a lunar

trajectory about 200 kin, a 1964 Mars trajectory g0,000 kin, and the

196g Venus trajectory about i0,000 kin. This exhibit is for one mid-

course correction; additional midcourse corrections would yield a dif-

ferent curve.

d.

control was

Attitude Stabilization and Control

The performance parameter selected for the attitude

Performance Parameter =
Angular Deviation x Weight
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Two cases are presented in Exhibit 18: the system constrained by the

limit cycle and the system in the gyro hold mode.

Exhibit 18 presents data for three past programs, Mariners II

and IV and Surveyor, and two contractor proposed programs, Lunar

Orbiter applied to Mars and an Avco Voyager study (see References 13

through 16). Each data point is for the one sigma value of the angular

deviation. All systems were cold gas systems.

e. Communications

Analysis of the risk of space communication system

development has been carried out based on development of a suitable

measure of communication system performance tradeoffs and available

historical information describing the performance of past systems. The

measure of performance has been reduced to a single equation relating

information rate, distance, and weight:

p

2
Information Rate (bits per sec) x Range

Weight (Ibs)

(n. mi.)

This equation includes the most important characteristics while avoid-

ing the complexities of a more involved formulation. The communica-

tions subsystem performance parameter is plotted in Exhibit 19.

The historical data used in obtaining the data points have been ob-

tained from various JPL and NASA reports and from major aerospace

contractors. The data sources are References 17 through 22.

f. Data Management

The heart of a data management system is the com-

puter. Data are presented based on a PRC survey study of spaceborne

computers, Reference 23. Exhibits 20 and 21 present these data in two

different forms--bits per microsecond per unit density (Ibs/ft 3) and bits

per microsecond per pound. The addition time was used to determine

the processing capability inbits per microsecond. These data have a

large degree of scatter, and, in keeping with the philosophy of riskbeing

greatest when the state of the art is exceeded, the curves are drawn at

the upper bound of performance.
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g. Electrical Power

The analysis of the risk involved in space power sys-

tem development has been based on two types of information, both con-

tained in the open literature. The first category includes survey arti-

cles and papers in the field of space power which examine the state of

the art at a particular time. Included in this category are books such

as those by Sego and Snyder which survey the field. The second cate-

gory includes reports such as those by JPL which provide great detail

on a particular space system or spacecraft.

These sources of information, References 24 through 32, have

been combined to form the various charts relating to the growth of the

electrical power system capability as a function of time. The param-

eter chosen as a measure of capability is:

Power Level (kw) x Lifetime (hrs)

Weight (lbs)

This parameter was chosen as a measure of total energy (the required

output) compared to weight (the resulting penalty}. The electrical power

data have been plotted in Exhibits 22 through 2.5.

h. Descent Systems

A descent system is defined as the means for decel-

erating a spacecraft as it approaches aplanetary surface. Specifically,

for the operation in the atmosphere of a remote planet, a large para-

chute will provide the initial deceleration upon entering the atmosphere.

The final touchdown on the surface will usually be accomplished with

throttleable rockets.

Since a parachute is a deceleration device, the design objective

is to maximize the drag force, D F • However, due to the problem of

transporting the parachute to the vicinity of the planet, another ob-

jective is to minimize the weight. Thus, the overall objective of the

descent system designer is to maximize the ratio DF/W p But
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where D F =

q =

G D =

A =
O

p =

V =

W =
P

Therefore,

drag force {pounds}

stagnation pre s sure {lbs / ft 2)

coefficient of drag

drag area = =D2/4 {D = maximum diameter of parachute}

atmospheric density (slugs/It 3)

velocity at start of opening {ft/sec)

weight of parachute system (pounds}

2
Die q C D A ° p v C D A °

W W 2W
P P P

Let

W
S

g

where m

g

W
s

Dividing both numerator and denominator by

= mass of weight suspended (lbs-secg/ft)- -

= acceleration of gravity {ft/sec 2)

= total weight in earth pounds of suspended system including

W {pounds}
P

m ,

Die

W
P

2 CD Ao 2 CDAo
pv pvm m c1

W W W
___ m

Z---_ 2g--_ g W s CDAm W s o

This last expression permits use of the ballistic coefficient,

m/C{ D Ao) , and the ratio of the weight of the parachute system to the

total suspended weight.
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The foregoing parameter, DF/W p , has been plotted in Exhibit 26

against calendar time for several descent systems of the type expected

to be applicable to the Martian environment. It can be seen that a tech-

nological improvement has occurred when the spacecraft parachutes are

compared to the standard 28_-foot chute used by the Air Force. Exhibit

26 also shows the results of some high-altitude tests (138,000 feet above

Mach 1} of a deceleration system being developed for the Martian mis-

sion. It can be seen that the tests are well below the expected capability.

The exhibit also shows that the next tests anticipate an order-of-magnitude

improvement over the first test; however, additional development effort

will be required to increase the performance value to the state of the art

as shown.

i. Experiments

The risk of designing and developing many diverse ex-

periments has been quantified by the use of an operational maturity index

{OMI) as shown in Exhibit 27. The risk of the ith experiment is obtained

as follows:

REXP. = 1
1

(OMI)Demonstrated

- (OMI)Require d

To obtain the overall experiment-development risk, the following rela-

tionship is used:

I_WRiREXP =
i=l

with a weighting factor of w = 2 for major experiments and w = 1 for

minor experiments, and n = number of experiments.

In this case, an experiment is classed as a major experiment if

the weight exceeds one-third the payload.

To summarize for the spacecraft subsystem design and develop-

ment phase, the risk is obtained as follows:



RiSksB D = 1 - (i
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- RSTI)(I - RI)(I - RZ)(.-.)(I - R9)

where STI

Sub s c r ipt

= spacecraft technological innovations

1 = structure

Z = propulsion

3 = navigation and guidance

4 = attitude stabilization and control

5 = communications

6 = data management

7 = electrical power

8 = descent system (parachutes)

9 = experiments or mission sensors

3. Spacecraft Combined Systems Testing

The combined systems testing risk was judged to be a func-

tion of four risk categories (Exhibit Z8):

a. Environmental knowledge of the planet

b. Sterilization intensity

c. Subsystem interaction

d. Module interaction

e. Te st plan

The combined systems testing risk is largely subsystem interac-

tion risk and module interaction risk as opposed to the subsystem level

testing risk whichis apart of design and development (subsection II.D.Z).

a. Environmental Knowledse Risk

One of the fundamental problems in testing is the spec-

ification of the test environment. In the case of space exploration, as

planetary data are gathered the knowledge of the environment will be en-

hanced. This environmental knowledge will result in a reduction of the

testing risk, i.e., the risk that testing is performed to the wrong envi-

ronmental specification. Exhibit 29 presents this risk as a function of

the level of knowledge of the environment near a planet. Engineering

judgment and careful calibration to the Mariner IV flight was the tech-

nique used for the determination of Exhibit 29.
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b. Sterilization Intensity Risk

The risk due to sterilization is a function of steriliza-

tion intensity--namely, time and temperature. For purposes of this

study, intensity is defined as the sterilization temperature for 30 hours.

The risk estimation curve, Exhibit 30, is based on engineering judg-

ment backed by typical electronic subsystem performance degradation

curves as shown in Reference 12, page 341.

c. Subsystem Interaction Risk

Interaction risk is a function of the percentage of engi-

neering effort for a particular module devoted to system testing and

simulation. At the individual module level, the interaction risk is a

function of the number of technological innovations per module, as

shown in Exhibit 31. This risk primarily reflects the influence of each

subsystem on the other subsystems.

d. Module Interaction Risk

The interaction risk of one module on others is shown

in Exhibit 32- as a function of the number of modules and level of module

integration testing. In this relationship, the level of module integration

testing is expressed as a percentage of the total engineering effort for

all modules.

e. Test Plan Risk

The test plan risk, Exhibit 33, indicates the risk in-

volved in not planning for adequate simulation of the desired test condi-

tions. For example, interplanetary spacecraft are frequently launched

without any prior low-earth-orbit testing; test policies such as this can

save time and money under certain circumstances, but increase the risk.

The test plan risk is derived from the following relationship:

Test Experience Index Demonstrated
RTp = 1 Test Experience Index Required
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This relationship should be summed for each major module--pro-

pulsion, spacecraft, and capsule--along with major experiment subsys-

tems, such as an Automated Biolgical Laboratory. Risk is therefore

given by:

n

RTp = n TEIR
n= 1

where n = the number of modules plus major experiment subsystems

For the combined systems testing phase, the risk can be summa-

rized as follows:

RCS T = i - (i - RENV)(I - RSI)(I - RI)(1 _ RM)( 1 _ RTp)

where ENV = environmental

SI = sterilization intensity

I = subsystem interaction

M = module interaction

TP = test plan

4. Space Flight Operations

The space flight operations risk was judged to be a function

primarily of the risk due to interplanetary mission time and the number

of major events or maneuvers the spacecraft is required to execute dur-

ing a mission. The latter was designated as the risk due to changes of

state in space flight operations and is also influenced by the number of

spacecraft per launch. This relationship is depicted in Exhibit 34.

Other potential risk categories within space flight operations were

examined but, for one reason or other, were eliminated in the final

model. The risk due to mission training deficiencies was one of these.

It was eliminated for two reasons: quantification difficulty due to lack

of historical data of past programs, and the intuitive judgment that the

mission training risk was minimal.



PRC R- 96 9

16

The environmental risk was originally allocated to space flight

operations but later transferred to the category of combined systems

testing. The decision to transfer this risk to combined systems test-

ing was based on the judgment that the real environmental risk in that

spacecraft is designed and tested to the wrong environment. Rather

than double counting of the risk by having it in both subsystem design

and combined testing, environmental risk was placed within combined

systems testing.

a. Mission Time

The risk as a function of mission time is given by

Exhibit 35. The calibration of the mission risk curve with time was

based on Mariner IV, where the flight time was approximately 225

days. The judgment exercised was that the mission time risk was

small for this flight time. Extrapolation of the Exhibit 35 curve be-

yond 225 days was based on engineering judgment. With longer flight

time 6f subsequent missions, the extrapolation can be refined. Medium-

altitude earth satellite vehicles with flight times longer than 225 days

would probably have some merit as extrapolation points. These data

were not gathered in this study due to limited resources.

A standard reliability approachusing part failure rates was deemed

inappropriate in this study for the mission time risk. In the mission/

project phase, no design detail is available to utilize this approach. One

may begin to use this approach as hardware is designed and developed

and as the program progresses.

b. Changes of State

A change of state is defined as a major event or ma-

neuver the spacecraft must perform during the mission. The model in-

cludes the launch as a change in order to allow later estimation of pro-

gram risk. A typical scenario by changes of state is launch, injection,

spacecraft separation, midcourse correction (1 throughn), retrofire

near planet, circularize orbit, separate capsule, deorbit capsule, cap-

sule entry, touchdown, and lander operations. Events of lesser
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significance, such as radio commands, power switch on and off, etc.,

were not considered changes of state.

Exhibit 36 presents the risk due to changes of state versus the

number of changes of state for cases of one and two spacecraft per

launch. This type of presentation avoids a detailed scenario breakdown

which is an alternate method of presenting this risk. In other words,

one could have along the abscissa of Exhibit 36 for N = 1 , launch,

N = 2 , injection, and N = 3 , first midcourse correction, etc. An in-

cremental risk for each change of state could be assigned and a curve

constructed for each scenario. Generality was desired for this study

since interplanetary scenarios have a wide degree of flexibility; there-

fore, the more general method of presentation was selected. Given the

number of changes of state, Exhibit 36 gives change of state risk directly.

For the one spacecraft per launch case, the relationship chosen

for this risk was R = 0.01 N 1"3 , where N = number changes of state.

The constant, 0.01 , calibrates the change of state risk. This formu-

lation recognizes the higher risk associated with the change of state

near the remote planet. As the number of changes of state increases,

the mission in general will be more complex with each additional one,

adding a greater increment of risk than the previous one. This ration-

ale was the basis of the formulation. The curve was calibrated to

Mariner IV which had five changes of state: launch, injection,

separation, midcourse correction, and television camera pointing. The

two spacecraft per launch vehicle or dual launch case is different in that

the risk is common to both spacecraft prior to spacecraft separation,

but peculiar to each spacecraft subsequent to separation. Exhibit 36

presents a diagram of the change of state risk for the dual launch while

Exhibit 37 shows typical changes of state for this case. Exhibits 36 and

37 reflect the fact that the spacecraft are separated after injection at

N = g , i.e., after launch and interplanetary injection.

The change of state risk for the case of multiple spacecraft per

launch is given by:

M
RCS = 1 - (i - RL)(1 - RI)(I - RS/C)



where R L = launch risk

R I = injection risk

RS/C = spacecraft change of state risk

M = number of spacecraft per launch

In this formulation, the risk is given by:

RCS 0.01 N 1"3 + (0.01N 1"3 0.01 Nl'3) M= o - o for N_ Z

PRC R -96 9
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where N O = the number of changes of state before spacecraft separation

{N O = g for the case of Exhibits 36 and 37, i.e., launch+

inj e c tion)

In the preceding equation the first term represents the risk prior to

spacecraft separation and the second term the spacecraft risk. This

equation is the basis of the two-spacecraft curve of Exhibit 36 and is

analogous to redundant circuits.

The total risk for this major time phase--space flight operations--

is given .by

RSF O = 1 - {I - RMT)(I-- RCS }

where RMT = risk due to mission time

RCS = risk due to the changes of state

5. Mission Risk Summary

The mission risk combines the mission design, spacecraft

subsystem design and development, combined systems testing, and

space flight operations risks, and is given by:

R M = 1 - (I - RIVID)(I -RSBD)(I - RCST)(I - RSFO)

For a program with a single launch, one proceeds through the

model and obtains the mission risk by the above relationship. For
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programs with multiple launches, the program risk is determined by

exercising the model iteratively for each launch. Starting with the sec-

ond launch, some degree of success of the prior launch must be as-

sumed in order to exercise the model. In addition to the degree of

success postulated for the determination of the risk on subsequent

flights, other items that need to be postulated are (I) diagnostic ef-

ficiency in identifying the failures in the prior launch, and (2} time

available to develop and incorporate the required changes.

Program risk can therefore vary with the assumptions of the de-

gree of success, diagnostic efficiency, and time available for incorpo-

ration of required changes for the preceding flight when calculating the

program risk for each flight. The program risk decreases with the

number of launches in general, since the experience of previous launches

reduces the risk.
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III. DEMONSTRATION OF THE RISK MODEL

In order to demonstrate the application of the risk model, twopro-

grams have been chosen: Mariner IV for the past program and a large

Mars orbiter/lander for the future program.

The results of the Mariner IV risk summary analysis are shown

in Exhibits 38 through 42. The results are based on these premises:

1. There was only one nonspacecraft technological innovation

utilized--a shroud (adapter)--and there was no backup de-

velopment planned for the first launch.

Z. There were four spacecraft technological innovations:

a. Canopus sensor--no backup development

b. Lightweight structure--with backup development

c. Communications--with backup development

d. Data management--with backup development

•3. The scenario for the failure-diagnosis-development fix ef-

fort is as follows:

a. The shroud failed on the first launch

b. The difficulty was promptly and properly diagnosed

c. The development fix was made in time for the second

launch

An inspection of Exhibit 4Z shows that the risk for the Mariner IV

program is reduced substantially for the second launch primarily be-

cause of the removal of the nonspacecraft and spacecraft technological

innovation risks.

The description for the future mission example was taken from

Reference 18, and the results for this Mars orbiter/lander mission are

shown in Exhibits 43 through 47, The premises for these calculations

are as follows:

4. There were no nonspacecraft technological innovations.

5. There were four, spacecraft technological innovations:

a. Propulsion module structure and propellant pressuri-

zation- -with backup development



PRC R-969

21

b. Entry capsule descent system--no backup development

{namely, the stabilization problem of a low m/CDA

capsule suspended beneath a parachute in possible high

winds)

c. Sterilizable batteries for the entry capsule--no backup

development

d. Descent rocket propulsion with high (9 : 1) throttling

ratio--no backup development

6. The scenario for the failure-diagnosis-development fix ef-

fort is as follows:

a. On the first dual spacecraft launch, one spacecraft

fails to retrofire and continues in a fly-by mode; the

second of the spacecraft pair successfully enters

Martian orbit and ejects a capsule which crashes on

or slightly before landing, resulting in no surface

measurements being made.

b. The difficulties in all failure modes were promptly

and properly diagnosed.

c. The development fixes were made in time for the

second launch.

An inspection of Exhibit 47 shows the substantial contribution of

combined system testing risk to mission risk for both launches.
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IV. SCOPE AND ACCURACY OF THE RISK MODEL

In a small analytical study such as this, much of the work is of

an exploratory nature and great accuracy is difficult to achieve. The

sections of the model based on mature subsystem technologies are felt

to be quite accurate, possibly ± l0 percent; however, those sections

which rely heavily on engineering judgment could result in errors of.

Z5 to 50 percent.

In addition, the model was calibrated using the Mariner IV pro-

gram of two launches. The model was then adjusted slightly and tested

for relative risk in the various phases. These minor adjustments were

made on the basis of engineering judgment and resulted in a program

risk, R = 0.52 , for the second launch. The model was then deliber-
P

ately and uniformly adjusted in all phases and categories to provide

R = 0.50 for the Mariner IV second launch as a baseline for future
P

estimates.

In estimating the risk of the future program, a Mars orbiter/

lander, no calibration was possible; however, this exercise did re-

sult in reevaluating and increasing the risk due to sterilization and

combined systems testing. This appears valid since the Mariner IV,

a single module spacecraft, was not sterilized and the risk estimating

relationship for sterilization was not calibrated in the demonstration

of the model on this past program.
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V. SUMMARY AND CONCLUSIONS

In summary, this small exploratory study to develop a risk model

for unmanned space exploration missions has been built around a frame-

work of the time phases of a large program utilizing the system manage-

ment mode of implementation.

The following conclusions were reached as a result of the study:

1. Probably less effort should have been spent on subsection

H. D. Zp Spacecraft Subsystem Design and Development; however, the

types of risk estimating relationships shown would have forewarned of

program failures such as Dyna-Soar and Skybolt.

Z. a. Under the mission design phase, probably the most

important category is schedule risk, since the program manager will

tend to minimize nonspacecraft technological risks and use a simple

ope rational mode.

b. Under the mature technology categories in Phase D,

the risk for spacecraft subsystem design and development is usually

low or nonexistent; however, the risk relationships shown for space-

craft technological innovations encourage the program manager to re-

duce the number of innovations or to carry alternate developments or

options.

c. The program manager probably faces the greatest

risks in the combined systems testing phase: that he is testing to the

wrong environment or cannot simulate the environment for technical,

schedule_ or financial reasons; that he is degrading the performance

of the spacecraft by using an extreme sterilization intensity; or that

he will learn later in the flight operations phase that subsystem and

module interaction failures were not uncovered within his selected

level of testing.

d. The space flight operations phase shows the influence

of mission time and changes of state on risk; although there may be

some overlap in changes of state risk and operational triode complexity

riskj time and resources did not allow the opportunity to examine this

situation for potential minor recalibration.
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3. Special care has been taken to develop this risk model so

that it may be used as a matched set with the cost model shown in Ref-

erence 2 to provide trades of schedule, risk, and cost at the program

level for various system design candidates.

4. The model does not assess risk in an absolute sense but in

a relative sense, using Mariner IV as a baseline case.

5. The model has the mildly coercive effect of forcing any pro-

gram manager using the model to think about the interrelationships and

interactions in managing a large space exploration program.

5. Attention is invited to the intriguing possibility that the model,

by virtue of its form and content, could be extended to provide a space°

craft management development and training game for program managers.
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Mission Design Risk I
System Design

DC1 I

DC 2

DC i

Schedule

Nonspacecraft
Technological
Innovation s
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Mode

Complexity

EXHIBIT 1 - MISSION DESIGN RISK
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EXHIBIT 6 - SPACECRAFT SUBSYSTEM DESIGN AND

DEVELOPMENT RISK
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EXHIBIT 28 - SPACECRAFT COMBINED SYSTEMS TESTING RISK
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Ci_.Xlt_IN ED 5YS FIC

Risk C._:c.<orie s

gnvir onn',' n.',al

Knowledge (REN) Level of Knowledge

Ste rilizat ion

Intensity (RsI)

Subsystem

Interaction (RssI)

Module

Interaction (RNI)

Test Plan

Risk (RTp)

Sterilization Temper-ature None

Percent Total Engr.
Effort Devoted to

System Testing and
Simulation Per
ModuIe 35

Percent of Total Engr.
Effort--All Modules
Devoted to Module

Te sting 0

Inputs

Low earth orbit

, , , ,,, , ,

Modules I/M

2 @

equiv.

Risk

one

Modules

Number of Modules = 1

Prior Test

Experience

gnd te st

m
TE!R

1.195

# ente

one

[E

2]

N

m

Surnmary

Combined Systems

Testing Risk

(Rcs._)

RCS T --- I (I - REN)(I - RSI

J - () - Q)(...)(I

EXHIBIT
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Operations

©

®
Risk : 1 - (1 - r_)(.,.)(1 - r_)

, Exhibit 7 with .31 obtained from Exhibit 39.

!

ot

NoNof
Flights

.9Z

N
Risk = i -

.08

®

R = 1 - (1 - [])( )(1 - []_
m

6
7

8
9

RER
Exhibit

Z9

, J

30

31

Launch Risk

I st 1 2nd

Launch | Launch

.10 .10

0 0

.07 .07

.08 .0833

.23 .23

i(1 - RSSI)(1 - RMI)(1 R rp )

@) = 1 -(1 - .10)(1 - .07)(1 - .08) = .z3
40
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Risk Categories

Mission Time (RMT)

Changes of State

(Rcs)

Inputs

Mission Time

ZZ5 Days

Year 196._.._4

RER

Exhihit

9

Number of Changes
of State 5

Number of Space-
craft Per Launch

2.__._

35

36

Launch Risk

I st
Launch

.O5

.O8

Znd

Launch

.05

.O8

Space Flight Opera-
tions Risk (RSFO)

RSF O =

Summa ry

"- ! "" ,125 i .125

1 - (l - RMT)(I - RCS ) = 1 - (1 - .05)(1 - .08)

Mission Risk Sumnlary (Rp)

Risk Categories

Mission Design (RMD)

Subsystem Design and

Development (RSBD)

Combined Systems Testing (RCST)
, , , , ,, ,

Space Flight Operations (RsFo)

Launch Risk

1st
Launch

360

.345

.230

.1Z5

Znd

Launch

.210

.050

.Z30

.125

Mission Risk Summary (Rp) I .72,,. I .50

Rp = 1 - (I - RMD)(I - RSBD)(I - RCST)(I - RSF O)

EXHIBIT 41
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[Mission Design Risk
I I I --i

Subsystem Dc-isign
and Development Risk

_ System Desigr'J 1)

DC 1DC 2

DC.
1

Schedule

]
Atlas Agena LV;

two launches

No_.spac ecraft

Technological
I nnova,tigns

Ope r ational Mode
Innovations

SummarYMD ----_[ .36 [

1L 2L

!i201,0,
o6if106i

1L

qsPacecraft1!Te c hnologic al .31
Innovations

GN:i_'dga:tci:n and 1

_l and Control

r Communications

_ Data Management ]

Electrical Power

Descent Systems

Experiments

2L

K

Note: (1) l:_put only. SummarYSB D

_'/ EXHIBIT
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Combined Systems

Testing Risk roN i I ,

Space Flight
()per ations Risk

_' EnvironmentalKnowledge

$terilizatio_Intensity

Subsyste_nInteraction

lloiiol
II.o71

Mission Time

IL 2L

)! .o51i.o 1
Changes of State ] i .081i.08]

Number of Space-
craft Per Launch

ModuleInteraction 1I0 lloLi
TestPlan Ii.0811.081

SummarYCS -- l"2311"23SummarYS O-- V71"12 I
F mm m lmmml ulmm mm gumm N mmmm mm m m mm m atom ommm m m omum m amm m Immm mum immm m ommm0 m mmmlm

I

] ,I
| Mission Risk Summary

.1 ," 1. ,-11. ol
!

] L__..................... _______
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MISSION: Mars Orbiter/Lander

SUBSYSTEM DESIGN

Risk Category

Spacecraft

'technological
Innovations

Structure

Propulsion
Navigation and

Guidance
Attitude

Stabilization
and Control

Communications

Data Management
Electrical Power

Descent Systems

Expe riments

SurnmarYsB D

Sterilizable batteries (capsule)

Descent propulsion (capsule)

Entry capsule

Propulsion module

Input s

Backup

No

No

No

Yes

i m

Test Exp- ©MIR

T

ABL/ gnd test

Orbiter TV/ fly-by

8 minor surface

expe riment s/ fly-by

n=10

2

2

1.5

2

1.48

1.27

1.48

I --"
_ J'D

I.I0

1 .Z2

1,22 .SZ

Risk =

EXHIBIT
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AND DEVELOPMENT

Risk

l

.265 2

.005 4
5

0 1

0

o _._a_

0 4
m

RER

Exhibit

7
and

8

o __K.
0 t 6
0

0

-[]

D
[]

[]

27

Operations

Risk : 1 - (1 - []])(1 - [Z]) ... (1 -_)

®

Risk = I - (1 '1_ )(... )(1 [_] )

Q

REX =

i=n

i=l

WR.
I

n

Ist

Launch

.27

.20

d

RSB D = 1 - (i -@)(I - (_)(I Q_ .42

Risk

2nd

Launch

0*

* risk

removed

by dev.
for IL

0

.19.

* risk

reduced

by suc-
ce ssful

orbiter
TV on

IL

.19



MISSION: Mars Orbiter/Lander

COMBINt£D SYS 1 I

Risk Cart-got it:_

Environn_cnt,tl

Knowledgv (R I,;N)

inputs

i

Level of Knowledge Prior probe

Sterilization Sterilization Temper-

Intensity (RsI) ature !35 °C x 30 hours

Subsystem

Interaction (Rss I)

Module

Interaction (RNI)

Test Plan

Risk (RTp)

Percent Total Engr.
Effort Devoted to

System Testing and
Simulation Per
Module 30

All module s

Percent of Total Engr.
Effort- -All Module s
Devoted to Module

Testing 1 0

Modules

propulsiol

orbiter

cap sule

ABL
I

I/M Risk

1 .08

0 .04

3 .15

1 .08

Number of Modules = 4

Modules

propulsion
orbiter

capsule
ABL

Prior Test

Experience

E. O. equiv.
Gnd test

Atm. te st
Gnd test

E]

N

N

m

[!]
TEIR

1.27/1.22
1.27/1.22
1.35/1.35
1.35/1.35

E
TE:

1.18/
1.10/
1.141
1 .I0/

Summary

Combined Systems
Testing Risk

(Rcs T)

RCS T : 1 - (1 - REN)(1 - RS]

1-tl- (D)I...)I_

Exm_
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Operations

Risk = I (I r_)(...){I - [])

isk reduced by successful operation of propulsion
%d orbiter modules on 1L.

Lsk reduced by successful operation of propulsion
Ld orbiter modules on IL.

N ]of
Flights

,2 o/1
,2 o11
,+ o/o
c o/o

.9311

.86/i

.84/.84

.81/.81

[]
Risk = 1 - [_

RER

Exhibit

(i) z9
• , ,, .... | ,

30

®

31

®

32

.07/0

.14/0

.161.16

.19/.19

Launch Risk

1st
Launch

.O3

.18

.31

4_

R = I - (I - _])(...)(! -

%-,
7 _

!
9' Q

33

.22

.46

2nd

Launch

.0Z5

.18

.22-'_

•04_:'

.32

.77 [ .59

,(1 - RSSI)(I - RMI)(I . RTp)

iT 45
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Risk Categories

Mission Time (RMT)

Changes of State

(Rcs)

Inputs

Mission Time (210+90)i
300 Days

Year 1973__.._ 1975

Number of Changes
of State 10

Number of Space-
craft Per Launch

2

RER

Exhibit

35

36

Launch Ri sk

1st
Launch

.07

.055

Znd

Launch

.07

.055

Space Flight Opera-
tions Risk (RSFO)

Summa ry

m-- i m--

RSF O = 1 - (I - RMT)(I - RCS ) = 1

.12 ] .12 i

- (1 = .07)(1 - .055)

Mission Risk Summary (Rp)

Launch Risk

Risk Categories

Mission Design (RMD)

Subsystem Design and

Development (RSBD)

Combined Systems Testing (RCST)

Space Flight Operations (RSFo)

1st
Launch

.15

.42

•.77

.12

Mission Risk Summary (Rp)

2nd
Launch

.15

.19

.59

[.¸.9o! 7, J
Rp = 1 - (I - RMD)(I = RSBD)(I - RCST)(I - RSFO)

EXHIBIT 46



MISSION: Mars Orbiter/Lander

Mission Design Risk I I

k System Design (1) I

L DCDCz
DC'.

Saturn V LV;

.2 launches, dual space-

craft per launch
I

IL 2L

1VTD
q Nonspacecr aftTechnological

Innovatigns

SummarYMD ----_D D

Note: (I) Input only.

Subsystem Design

and Development Risk I

IL ZL

V-Technological .27
Innovat._ons

_ Structure [ [ 0 ]

"_ Propulsion 1 _

0

q Attitude
Stabilization

and r" _-_._1

0

q Commo°'ca"on"! I OI I 0
1! O!i 0'

q_ .,po.o.]l o ! I o

q 11 IIDescent Systems 0 0

....... ! | I

SummarYSB D --_'_

71"t
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I Combined Systems

Testing Risk
Space Flight

Operations Risk

Environmental

Knowledge

Sterilization

Intensity

Subsystem
Interaction

1L ZL

!1.0.1
IL 2L

11"3111"221
Chan °sofState1!.055I I I

_Number of Space-]
craft Per Launch [

Module

Interaction ] i .221!.0 1
 i n e't11.461

I

] :
| Mission Risk Summary

] " 'IL 2L ,

] : I. 01UI

] L_
3IT 47 _£" _
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MISSION:

SUBSYSTEM DESIGI

Risk Category

Spacecraft
Technological
Innovations

Structure

Propulsion
Navigation and

Guidance
Attitude

Stabilization
and Control

Communications

Data Management
Electrical Power

Descent Systems
i"

Expe rim ent s

SummarYSB D

n --

Input s

Backup

I mW (_MI_
L__ .....a

cfl_T_

T

Risk --
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[ AND DEVELOPMENT

Risk

1

2

3

4
5

1

2
3

4

5
6
7
8

RER

Exhibit Ope rations

Risk : I - (I - IT])(I - _) ... (I -[_

®

Risk : I - (I - IT])( ...)(I - [_] )

@

i=n

WR.REX = I

i=l
n

@

RSB D = I - (I -(D)(I - _)(I - (_))

Risk

1 st
Launch

Znd
Launch



MISSION:

COMBINED SYSTE

Risk Categories

Environmental

Knowledge (REN)
'1

Sterilization

Intensity (RsI)

Subsystem

Interaction (RssI)

Module

.... (RNI)LnLe raction

Level of Knowledge

Sterilization Temper-
ature o C

Percent Total Engr.
Effort Devoted to

System Testing and
Simulation Per
Module

Percent of Total Engr.
Effort- -All Module s
Devoted to Module

Testing

Input_

Modules I/M Risk

Nuu-nber of Modules =

In

[]

m

Test Plan

Risk (RTp)
Module s

Prior Test

Experience
TEIR

Summary

Combined Systems
Testing Risk

(Rcs T)

_l'l

R CST = 1 - (I - REN)(I - R E

i - (l - (D)(--.)(1-
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MS TESTING RISK

N.o_of
Flights

Ope rations

Risk : I- (I- [[])(...)(I- _])

®

®

®

®

R : i - (I-[])(...)(l- [_])

6E
7

8

®

RER
Exhibit

Launch Risk

Ist

Launch
Znd

Launch

b
[)(I - RSSI)(I - RMI)(I - RTp)
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